In a 3D preform, the out-of-plane reinforcement is effective for decelerating or suppressing the delamination process as the non-crimp fabric does not connect the neighboring laminae effectively. Hence, the interlaminar strength of the stitched laminae is supposed to behave in the same way as a regular unidirectional composite. In order to determine whether or not the stitched yarns contribute to the interlaminar fracture toughness, this study determinated the delamination resistance of a quasi-isotropic laminate. The analysis was based on interlaminar fracture toughness (G Ic ) and propagation energy curve in tests conducted in mode I opening with double cantilever beam specimen geometry. The results of fracture toughness as well as strain energy for propagation were compared to their fracture surface. A decrease in the propagation energy prevailed in the surface because the stitch yarn replaced the carbon fiber/epoxy interface, which has better chemical affinities, i.e., covalent bonds.
Introduction
Non-crimp fabrics (NCF) are preforms designed to optimize the layup process in the resin transfer molding process (RTM). It can be provided with a pre-defined angled sequence of unidirectional fibers and stitching the bulk fiber, thus resulting in a substantially gain of time instead of performing it manually (Ref 1, 2) .
The NCF fabric is characteristically a two-dimensional (2D) fabric, and it is regarded as a non-structural preform. They are susceptible to delamination failure which has been the subject of studying over decades. The delamination results in loss of stiffness and, consequently, its capacity of carrying higher loads . In order to overcome the delamination problem, researchers have introduced stitch yarns through the stacking process of 2D fabrics prior to impregnate with resin. This through-to-thickness reinforcement produced better mechanical strength, but produced other disadvantages such as drapability (Ref 6) .
The stitching process has claimed to decrease no more than 0.5% of in-plane mechanical properties due to fiber breakage during the needle movement in between fiber tows. Also, the manufacturing process spreads the fiber tow at an angle that causes fiber misalignment which reduces the compressive strength (Ref 7, 8) .
A great amount of work has been dedicated to investigate the effective reinforcement in the out-of-plane direction because of the delamination problem. Some works have investigated the mechanical response in the in-plane direction to verify the effects of resin pockets and fiber damages (Ref 9, 10) . Other researchers verified the increase in interlaminar fracture toughness (Ref 11, 12) .
Although the NCF fabric has advantages, such as saving time in manually laying up thick preforms, its interlaminar behavior is still unclear. Some parameters used to manufacture NCF fabric are extremely important to maintain the integrity of the fiber tow. Examples of parameters are stitch tensile stress, stitch density, and thread material which will affect the fabric deformation. Thus, the inappropriate stitch parameter may crimp the fiber which results in detriment of in-plane mechanical properties (Ref 13) .
The mechanical response of multiaxial NCF fabrics can be predicted by classical laminate theory (CLT). For this reason, it can be inferred that the chain stitch pattern particularly used in this study did not produce a deleterious effect in the in-plane properties (Ref 14, 15) . In the work of Vallons et al. (Ref 16) , they observed that the stitch was the locus of crack initiation, and additionally, they reported that an increase in fiber volume fraction will cause more stress concentration.
The in-plane mechanical properties of NCFs are not significantly affected by the stitches, while the stitches improve the mechanical properties of the fabric in the out-of-plane direction (Ref 2, 16) . In fact, in experiment and simulation of crack propagation in mode I, a stick-slip behavior was observed which means that the delamination was arrested. It verified the same behavior for varying stitching space whose parameter is represented in Fig. 1 . This type of propagation behavior is related to a constraint imposed by the stitching on the delamination front (Ref 4, 18) . In addition, an increase in the stitch space leads to a decrement in the stick-slip behavior with a trend towards a steady-state propagation. This results in a plateau which is similar to a unidirectional laminate (Ref 3, 18) .
In regard to the resulting shape of the NCF fabric after the stitching process, there will be a split of the fiber bundles that will result in an aperture with a variable angle in a microscale (Ref 17) .
Although the literature shows some results on fracture toughness in mode I, the discussions are limited to comparisons of numerical with experimental results only. In this manner, they do not take into account other variables in the delamination behavior such as the manufacturing and stitching process. Also, the delaminations must be appropriately identified as those that occur between two or more plies stitched together (Fig. 2a) or between two or more fabrics without a connection through a stitch, according to Fig. 2(b) .
This work encompassed the influence of the stitch yarn on the crack onset and propagation in a NCF composite system. The effect of stitching on the delamination resistance was evaluated based on the strain energy release rate (SERR) versus crack length curves. For this purpose, double cantilever beam (DCB) specimens were chosen for the tests, and the resulting fracture surface investigated by scanning electron microscopy (SEM).
Materials and Process
The composite was processed with a bi-diagonal NCF carbon (Hexcel IM7 GP) fabric (À45°/+45°) provided by SERTEX stitched with a polyester (PES) yarn with a chain pattern. The stitching parameters are represented in Fig. 1 which consist of a 7.5-mm stitch space and 2.0-mm stitch pitch.
In the middle of the preform, a 13-lm-thick PTFE film was placed in one side to produce an artificial pre-crack as recommended in standard test method ASTM D5528-01 (Ref 19) .
The laminate was assembled in a quasi-isotropic configuration with a [0°/90°/45°/À45°/À45°/45°/90°/0°] s layup and the pre-crack located at the 0°/0°fibers interface without a stitch interlacing the 0°fiber beams as represented in Fig. 2(b) . The laminate comprised of eight bi-diagonal NCF fabrics which yielded to a 58% fiber volume fraction.
A monocomponent PRISMÔ EP2400 epoxy resin system provided by CYTEC was used for the injection cycle. The resin offers a wide range of viscosity that changes as a function of temperature, thus enabling to process with a low viscosity of 100 mPa.s at 120°C. After injecting the resin, the laminates were cured at 180°C for 2 h as recommended by the manufacturer.
The final laminate plate was demolded and inspected by ultrasonic testing in the pulse-echo mode. The test was conducted with a 2.25-MHz concave transducer which scanned the laminate plate with a displacement ratio of 150 mm/min. The resulted echo did not show a decreasing attenuation that could suggest voids or dry spot.
SERR Data Reduction
For the SERR calculation, it takes into account the crack length a, force P, and displacement d just before the crack advances by using Eq 1 (Ref 19, 20) . The data reduction was performed by the modified beam theory (MBT) according to ASTM D5528-01 ( Ref 19) .
The quasi-static tests were conducted in a 5-kN Shimadzu servo-electric machine with a displacement ratio of 2 mm/min. The test specimens have dimensions of (25 9 3 9 150) mm and a pre-crack of a 0 = 50 mm as shown in Fig. 3 . The specimens were pre-cracked at a crosshead rate of 2 mm/min in order to avoid the resin pocket at the insert film. Subsequently, the beam arms were unloaded and reloaded for determination of crack onset and crack propagation energies.
Five specimens were tested (designated as CP (coupons) followed by the number, e.g., CP1).
where B is the beam width, D is the correction factor for the delamination length a, d is the displacement, and P is the applied load. A value of D was calculated for each specimen, as illustrated in Fig. 4 , by plotting the cubic root of compliance (C = d/P) as a function of the crack length.
The analysis of the influence of stitch yarns in the crack propagation behavior was conducted by the delamination resistance curve (G versus a), which was compared with its respective images that was also used for the SERR calculation.
Investigation of Fracture Surface
Scanning electron microscopy (SEM) using a FEI-Quanta 250 microscope was performed at IEAMar/UNESP on the fracture surface in order to study the influence of the PES yarn in the delamination process. The images were properly prepared by sputtering a thin layer of gold at the fracture surface. The energy of the electron beam was set to work in a Also, the fracture image, obtained with a digital camera, was processed with public domain software (ImageJ 1.49v) to evaluate the area fraction of the PES yarn. The contrast of the digital image was enhanced to differentiate the carbon fiber and matrix from the stitch yarns by using the software. The image was converted into 8 bit; then, the threshold was set with the objective to be segmented and obtaining the binary images (Ref 21, 22) . By following these steps, the area fraction can be obtained.
Results and Discussion
The graphical representation of SERR versus crack length is shown in Fig. 5 . Each point in Fig. 5 is associated to crack The stitched composite also presented a more unstable propagation region than a unidirectional laminate which presents a sharp plateau (Ref 3, 23, 24 ). Unidirectional composite system reaches steady-state energy propagation when the fiber bridging is fully developed (Ref 3) . For a structural preform, the stitches tend to mask the bridging saturation effect (Ref 25) , and as a result, it may not show a steady-state plateau of energy propagation. In fact, the through-to-thickness reinforcement holds the crack with a force that makes the next propagation unstable and also hides or prevents the fiber-bridging formation. Then, the R-curve for this NCF composite exhibited an intermediate behavior between a woven and a unidirectional laminated composite.
A gap of energy between specimens shown in Fig. 5 was another characteristic feature that is associated with the differences in the fracture toughness values and the SERR during the delamination (G IR ). This increase in G Ic and G IR for CP1 could be explained by a split crack that was influenced by a stitch yarn at the delamination path. The split delamination is represented in Fig. 6(a) , and a regular propagation is shown in Fig. 6(b) .
The split crack observed in some specimens affected the average and the standard deviation (STD) energies, which consequently increased the coefficient of variation (CV) as shown in Table 1 . The CV for G Ic is significantly higher as compared to other types of laminates such as manufactured with woven fabrics that were reported to have value of 16 
.70% (Ref 4).
According to the Griffith concept introduced in 1920-1921 (Ref 26, 27), the energy required for crack propagation is equivalent to the upper and lower surface generated during the fracture. Considering this, the split crack has two delamination fronts which results in four new free surfaces, thus yielding a break in the critical energy for CP1. Therefore, the total G By accounting one surface in SERR calculation for the specimen with split crack, the standard procedure for energy calculation did not evaluate other interferences whatsoever. Consequently, a magnification of the onset crack propagation enabled to evaluate such deviations. Further analysis indicates that the initial crack split determines the remaining behavior of the SERR for delamination as verified in Fig. 5 . In Fig. 7(a) there is an evidence of the presence of another surface that increases the energy which probably involved a separation of 0°/90°layers. Despite the deviation from the mid-plane of specimen CP2, the SERR kept in the same range in regard as a developed crack verified in Ref 3, 4 . That means CP2 delamination migrates to a neighboring layer due to the presence of a stitch yarn which forces the delamination to choose the easiest path thus not creating two free surfaces.
An idea of the behavior observed in R-curves in Fig. 5 can be given by the single physical parameter (G av -average SERR) explained by Amaral et al. (Ref 20) . It was considered for the analysis of specimens CP1 and CP2 to evaluate the average SERR using the energy balance approach.
The graphic in Fig. 8 provides the data points obtained from a linear fit. The calculated G av from the slope indicated higher energy for CP1 than CP2 showing the same trend as previously discussed. However, G Ic value provided a better correlation to the distribution of the free energy of the two surfaces.
The high influence of stitching at the beginning of the crack could be related to a large area of the stitch material above the carbon fiber as illustrated in Fig. 1 . The stitches are orientated with an angle of 45°and with an interval of 5.8 mm which is the distance between each point distributed along the width (25 mm) of the specimen in one face of the beam arm. Eventually, the two surfaces of the beam may match with the stitch points of each other and, as a result, will increase the stitch density, as shown in Fig. 9 . This event may be regarded a major cause of crack split in neighboring layers. The reason for this is that the stitch ties two layers above or below in relation to the position of the insert film.
In order to interpret the interaction of the PES stitch yarn with the neighboring layer, differential scanning calorimetry (DSC) thermal analysis was conducted at a rate of 5°C/min with nitrogen atmosphere up to the temperature of 400°C. The onset of the melting point at approximately 225°C is illustrated in Fig. 10 , which is above the cure temperature of the epoxy Then, the delamination strength is predominantly controlled by the matrix and the matrix/fiber interface. Considering that an effective bond is promoted by the sizing agents on the interface, the delamination will be a cohesive failure type and the fracture toughness thus a property of the epoxy matrix. The stitch yarns are consequently the weak part of the interface that decreases the fracture toughness. Figure 11 (a) illustrates the cavity left by the PES yarns that accumulated resin in between layers. Figure 11 (b) shows a detail of clean PES yarns emerging from a resin pocket. According to the discussion about chemical bonding, it did not offer great delamination resistance. Also, the images reinforce which was observed in the DSC curves that the PES yarns did not melt and have no chemical interaction with the liquid resin.
A physical aspect that is in agreement with observations reported in Ref 20, 31 , which presented the relationship between SERR and the amount of damage at the surface, is the roughness of the resin around the PES yarn cavity. The rough aspect at the PES cavity indicated energy absorption through the matrix deformation which locked the PES yarns at the interface. This highly damaged region indicated a local mechanical adhesion that produced the peaks in the data points shown in Fig. 5 .
The last paragraphs may indicate the balance of a weak chemical bond and a strong mechanical adhesion that compensates the replaced carbon fiber/matrix interface.
On the other hand, the PES yarns prevent the formation of fiber bridging by unbroken fibers. Fiber bridging, for instance, increases the delamination resistance with the reinforcement of the crack tip (Ref 32) . It gives substantial increase in toughness as reported in a unidirectional composite studied by Yao et al. (Ref 3) . The related composite increased by 500 J/m 2 with the fiber bridging, while the stitched composites had an increase of approximately 120 J/m 2 . The bridging effect is eliminated in stitch composites due to the layer separation by the PES yarns. The PES yarn creates a barrier for the neighboring fibers of each layer to merge within the epoxy matrix, and hence, a unique phase would provide the fiber-bridging phenomenon. The fracture surface in Fig. 11(a) indicates the PES yarn at 45°that holds the unidirectional carbon fiber and at À45°is the imprint of another half of the laminate. An image analysis obtained by employing ImageJ 1.49v was carried out in order to calculate the influence of the area covered by the PES yarns. The final result of the image processing is illustrated in Fig. 12(d) . In this image, the black area represents the PES yarn of the fractured surface and also the imprint of the PES yarn of the other half of the fractured surface. This observation can be compared to Fig. 1 where the PES yarn of a fabric is illustrated in only one direction. The analysis required four steps, Fig. 12 . The measurement of the black area yielded 21% of the laminate interface is filled with PES yarns. This is a gross estimation of the area as it is a measurement in a 2D image and did not provide details on the depressions that would yield a higher value. The outcome of the NCF construction is a general reduction in SERR. Scarps were the predominant fracture pattern in the matrix in the region dominated by carbon fibers. This fracture pattern is a mechanism associated with mode I delamination (Ref 31, 33) . In Fig. 13(a) , a detail of ply separation due to the PES yarn is shown and resulted in a resin-rich region where scarps were formed. This location is normally considered a factor that contributes to the reduction of the compressive strength as well as the tensile modulus (Ref 9, 34 ).
More details of scarps are given in Fig. 13 (b) and a detail of clean cavity left by the PES yarn. The matrix fracture area around the PES yarn is smaller when compared to the area filled with carbon fiber in which its relative roughness is related to an increase in SERR. 
Conclusions
A 2D NCF composite was analyzed considering the energy released from the free surface during delamination. This work provided explanations on the influence of stitch yarns in the interlaminar resistance. Furthermore, it was demonstrated how much information it can be acquired with a simple delamination test.
The experiments identified some aspects that decreased the SERR energy in NCF composite in comparison with unidirectional laminate composites. The chemical bond of the PES yarn with the epoxy matrix was identified as an intermolecular force, thus the weakest link between two plies. These intermolecular forces known as van der Waals and hydrogen bonding (Ref 35) can be sometimes mixed up with friction forces and interpreted as mechanic adhesion as discussed briefly in this work.
An upside of PES yarn stitches in inducing the splitting crack is that it increases the energy for crack propagation. However, for DCB test specimens, it could be an invalid result as the standard test procedure only considers one sharp delamination in a defined interface.
